ABSTRACT
INTRODUCTION
Nebular spectroscopy of neutron(n)-capture elements (atomic number Z > 30) provides a valuable tool for studying slow n-capture nucleosynthesis (the s-process) in low-mass stars, revealing information independent of and complementary to spectroscopy of asymptotic giant branch (AGB) stars. In the last 15 years, this field has rapidly developed due to the discovery and detection of several n-capture element emission lines, predominantly in the near-infrared. Dinerstein (2001) Neutron-capture elements have been detected in more than 100 PNe in the Milky Way (Sharpee et al. 2007; Sterling & Dinerstein 2008; García-Rojas et al. 2015) and in nearby galaxies (Otsuka et al. 2011; Mashburn et al. 2016 ). These observations have driven efforts to determine atomic data needed to accurately derive n-capture element abundances (e.g., Sterling & Witthoeft 2011; Sterling 2011; Sterling & Stancil 2011; Sterling et al. 2016) . Detecting multiple ions of n-capture elements leads to more accurate abundance determinations and facilitates tests of atomic data and ionization correction factor (ICF) schemes (e.g., Sterling et al. 2015, hereafter SPD15) .
In this paper, we present the first detection of [Se III] 1.0994 µm in an astrophysical nebula, the PN NGC 5315, and identify [Kr VI] 1.2330 µm in four PNe. We compute collision strengths for these ions to determine their ionic abundances. When combined with observations of [Se IV], the newly-detected [Se III] feature enables more accurate nebular Se abundance determinations, and can be used to test the Se ICF formulae of SPD15 for the first time. Kr 5+ can be populated in high-ionization objects, leaving Kr + (whose sole ground configuration transition at 1.8622 µm can only be detected from space) as the only significantly populated Kr ion that has not been detected in PNe.
OBSERVATIONS AND DATA REDUCTION
We observed four PNe (NGC 3918, NGC 5315, and SMP 47 and SMP 99 in the Large Magellanic Cloud or LMC) with the Folded-Port InfraRed Echellette (FIRE) spectrograph (Simcoe et al. 2013 ) on the 6.5-m Baade Telescope at Las Campanas Observatory, Chile. Each object was observed in echelle mode with a 0.
′′ 75×7 ′′ slit, for a spectral resolution R = 4800 over the wavelength range 0.83-2.45 µm. Details of the observations and analysis of LMC SMP 47 and SMP 99 are discussed in Mashburn et al. (2016) . NGC 3918 was observed on 2013-01-22 and NGC 5315 on 2013-08-13, using on-off sequences for sky subtraction, for total on-source integration times of 1100 and 600 s, respectively. We centered the slit on the central portion of each nebula, at PA 0 o for NGC 3918 and 90 o for NGC 5315. For each PN, an A0V standard with similar airmass was observed for telluric corrections and relative flux calibrations, and Th-Ar lamp spectra were used for wavelength calibration. The data were reduced using the FIREHOSE IDL reduction pipeline.
3 A detailed analysis of the FIRE spectrum of NGC 5315 is given in Madonna et al. (2017) , and that for NGC 3918 will be described in a future paper. Tauheed & Hala (2012) . These correspond to the 1 D 2 -3 P 1 and 1 D 2 -3 P 2 ground configuration transitions, respectively. We detect features at both wavelengths in NGC 5315, as well as [Se IV] 2.2858 µm (Figure 1 , Table 1 ). The 0.8858 µm line is also detected in the UVES spectrum presented by Madonna et al. (2017) , at higher signal-to-noise than in the FIRE data. f Intensity from Kelly & Latter (1995) , with an assumed uncertainty of 30%.
LINE IDENTIFICATIONS
We identify the weak feature at 1.0992 µm as [Se III] 1.0994 µm. The radial velocity is -56 km s −1 , which agrees well with lines in the UVES spectrum but is slightly larger than found for other lines in the FIRE data (typically -20 to -40 km s −1 ; Madonna et al. 2017) .
Using the Atomic Line List 4 , we searched for other possible identifications within ±10Å of the observed wavelength. We considered forbidden lines with excitation energies up to 10 eV and permitted lines for elements in the first three rows of the Periodic Table. No multiplet members or lines from the same upper level were found for any of the potential alternative identifications, except for He I 1.1000 µm which is easily resolved from the 1.0992 µm feature (Figure 1 ). The strongest molecular transition with a similar wavelength is H 2 2-0 S(4) 1.0998 µm. However, NGC 5315 does not exhibit emission from vibrationallyexcited H 2 in its FIRE spectrum (Madonna et al. 2017) , making this identification unlikely. To determine the [Se III] contribution to the 0.8858 µm feature, we utilized the PySSN spectrum synthesis code (v0.2.70) to remove the He I contribution. PySSN is a python version of X-SSN (Péquignot et al. 2012) , which uses a database of transitions including relative intensities of multiplet members to generate a synthetic spectrum. It takes into account the different line profiles for various ions and emission processes, interstellar extinction, and instrumental response. In Figure 2 , we plot the PySSN synthetic H I and He I spectrum against the UVES data of Madonna et al. (2017) in the region near 0.8858 µm.
5 The He I contribution (∼45% of the measured flux) is removed in the bottom panel, and the residuals show a clear feature corresponding to [Se III].
Correcting for the He I contribution results in I(1.0994)/I(0.8858) = 2.0±1.3. This is somewhat larger than predicted, likely due to the uncertain correction for He I to the weak 0.8858 µm line. Nevertheless, the observed and expected ratios agree within the uncertainties, supporting our identification. 
[Kr VI] 1.2330 µm
In the FIRE spectra of NGC 3918 and the LMC PNe SMP 47 and SMP 99, we detect a line at 1.2330 µm (rest wavelength) that we identify as [Kr VI] 1.2330 µm. This is the only collisionally-excited transition of Kr 5+ , whose ground configuration has a single 2 P term. Kr 5+ has an ionization potential range of 64.7-78.5 eV, and thus is detectable in high-ionization nebulae such as these three objects.
There are several possible identifications for the 1.2330 µm feature, most notably H 2 3-1 S(1) 1.2330, [Fe VI] 1.2330, and N I 1.2329 µm (see below). For each of the observed PNe, we did not detect multiplet members or lines from the same upper level for any atomic transitions within 10Å of the observed wavelength. SMP 47 exhibits vibrationally-excited H 2 emission consistent with fluorescent excitation in a moderate density gas (Mashburn et al. 2016) , and H 2 likely contributes to the 1.2330 µm feature in this PN. According to model 14 of Black & van Dishoeck (1987) , the H 2 3-1 S(1) line is 1.9 times stronger than 3-1 S(2) 1.2076 µm, and accounts for approximately 50% of the 1.2330 µm flux in SMP 47. In Figure 3 we show a PySSN fit of the H 2 contribution to the 1.2330 µm feature in SMP 47, set to 1.9F (H 2 3-1 S(2)). The bottom panel shows the residual emission due to [Kr VI] . NGC 3918 and SMP 99 do not exhibit vibrationally-excited H 2 emission, and no correction is needed for those PNe.
A feature at 1.2330 µm has been previously detected in other objects, but is likely due to [Kr VI] only in the PN NGC 7027 (Rudy et al. 1992; Kelly & Latter 1995, Table 1 ). In lowexcitation objects such as Hb 12, BD+30 o 3639, M 1-11, and the Orion nebula (Kelly & Latter 1995; Hora et al. 1999; Otsuka et al. 2013) , the intensity of 1.2330 µm relative to H 2 lines indicates that it can be identified as H 2 3-1 S(1). The detection of [Fe VI] lines in the J band spectra of classical novae (e.g., Lynch et al. 2001; Rudy et al. 2002) , including multiplet members of [Fe VI] 1.2330 µm, suggests that the 1.2330 µm line in these objects can be attributed to [Fe VI]. In the low-excitation PN SMC Lin 49 (Otsuka et al. 2016 ), the line is likely due to N I 1.2329 µm, based on the detection of both multiplet members. These examples illustrate the need for caution in identifying the 1.2330 µm feature as [Kr VI].
COLLISION STRENGTH CALCULATIONS
The collisional data for Se 2+ and Kr 5+ were calculated using the R-matrix method (Berrington et al. 1995) . Relativistic effects (mass, velocity, and Darwin terms) were included by using the intermediate-coupling frame transformation method (Griffin et al. 1998 ). The radial scaling parameters for the target ion and the scattering target were obtained in the configuration interaction approximation with AUTOSTRUCTURE (Badnell 2011 ).
Details and results of the calculations are given in Tables 2 and 3 . We utilized kappaaveraged relativistic wavefunctions, which give markedly better energy levels and transition probabilities for these ions although they have little effect on the collisional data. The lambda parameters scale a Thomas-Fermi-Dirac-Almadi potential for each of the electron orbitals, and were determined using a two-step process. First, the 1s through 4p scaling parameters were determined by minimizing the energies of LS terms in the ground configuration of each ion, and then these scaling parameters were held fixed when computing those for other orbitals on the first 23 (Se 2+ ) and 24 (Kr 5+ ) target term energies. The calculated energies are in excellent agreement (9% or better) with observed values from NIST (Kramida et al. 2016) . Our Se 2+ transition probabilities agree with those of Biémont & Hansen (1986) to within 15% or better, with the exception of the weak E2 transition 1 D 2 -3 P 0 (60%), and similar agreement is found for Kr 5+ with Biémont & Hansen (1987) . a The configuration expansion for Se 2+ is: 4s 2 4p 2 , 4s4p 3 , 4s 2 4p4d, 4s 2 4d 2 , 4s4p 2 4d, 4s4p4d 2 , 4p 4 , 4p 3 4d, 4p 2 4d 2 , 4s 2 4p4f , 4s 2 4p5s, 4s 2 4p5p, 4s4p 2 4f , 4s4p 2 5s, 4s4p 2 5p, 4p 3 4f , 4p 3 5s, 4p 3 4f , 4p 3 5p. The scaling parameters used are 1.42629 (1s), 1.14035 (2s), 1.08559 (2p), 1.03542 (3s), 1.01549 (3p), 0.99471 (3d), 0.96839 (4s), 0.97685 (4p), 1.01920 (4d), 1.41658 (4f ), 0.98618 (5s), and 0.98063 (5p).
b The configuration expansion for Kr 5+ includes all 46 one and two electron promotions from the ground configuration 4s 2 4p into the 4p, 4d, 4f , 5s, 5p, and 5d orbitals. The scaling parameters, listed in the same order as those for Se 2+ , are 1.42203, 1.13758, 1.08300, 1.03631, 1.01532, 0.99812, 0.98673, 0.98961, 1.00041, 1.07879, 1.01934, 1.01568, and 1.01620 (5d). Note. -The full collision strength results and radiative data in the adf04 format of the ADAS 6 project are available as supplementary data files to this article.
The scattering calculations for Se 2+ included 23 target terms, leading to a 41-level calculation once relativistic effects were included. The corresponding numbers for Kr 5+ are 24 and 52. The calculated term and level energies were replaced by NIST values when available. We described the scattered electrons with 44 and 39 continuum orbitals for the respective ions. The collision strengths were calculated with the UK-APAP codes 7 (Badnell 1999) , using fixed energy grids with 10 −5 z 2 Ryd steps, where z is the ion charge, to resolve resonance structures at low energies, and a coarser mesh of 0.01z 2 Ryd at higher energies where the collision strengths are smooth. The R-matrix calculations included exchange up to L = 12 (corresponding to J = 9.5 and 10 for Se 2+ and Kr 5+ ), and were "topped up" with non-exchange data up to J = 37.5 and 38. The sum over J was completed by extrapolation procedures involving the Born approximation and geometric sums (e.g., Witthoeft et al. 2006) . The resulting total collision strengths were convolved with a Maxwellian distribution for a number of temperatures to produce the effective collision strengths Υ(T ) in Table 3 . Downward collisional rate coefficients q ji from level j to level i can be computed via
where g j is the statistical weight of the upper state. Based on the agreement of the energy levels and the transition probabilities, we estimate that the error bars on the collision strengths are no larger than ∼30%.
RESULTS AND DISCUSSION
We computed ionic Se abundances in NGC 5315 and Kr 5+ /H + in the other PNe (Table 1), including NGC 7027 using the data of Kelly & Latter (1995) . The abundances were derived with PyNeb , using the transition probabilities and effective collision strengths from Table 3 and Se 3+ atomic data from Biémont & Hansen (1987) and K. Butler (2007, private communication) . We adopt electron temperatures and densities from Madonna et al. (2017) for NGC 5315, Leisy & Dennefeld (2006) for the LMC PNe, García-Rojas et al. (2015) for NGC 3918, and Sharpee et al. (2007) for NGC 7027. The error bars for the ionic abundances account for uncertainties in line fluxes, temperatures, and densities, propagated via Monte Carlo simulations.
The Se Abundance in NGC 5315
Se 2+ is the only Se ion other than Se 3+ that has been detected in PNe. The detection of the uncontaminated [Se III] 1.0994 µm line (0.8858 µm is often blended with a He I line), allows nebular Se abundances to be determined more accurately than previously possible. This feature can also be used to compute Se abundances in low-ionization nebulae in which [Se IV] is not detected. In addition, this detection enables the ICF formulae of SPD15 to be empirically tested for the first time. Such tests are critical for verifying the accuracy of atomic data governing the ionization balance, as illustrated for the case of Kr by SPD15. The Se ICFs from SPD15 are:
x = Ar 2+ /Ar ≥ 0.0344;
and ICF(Se) = Se/(Se 2+ + Se 3+ ) = (−0.3703 + 0.3558e
We retain the equation numbering of SPD15 to avoid confusion. Below the lower limits to x for Equations 7 and 9, the ICFs are negative and thus invalid. Equation 9 is expected to be the most accurate ICF, as it accounts for both Se 2+ and Se 3+ , which reduces the magnitude and importance of uncertainties in the correction for unobserved ions.
Most nebular Se abundances have been derived with Equation 8, since Se
3+ has thus far been the only Se ion unambiguously detected in most PNe. Using this ICF, SPD15 and Mashburn et al. (2016) found that some PNe that exhibit s-process enhancements of Kr are not enriched in Se -in some cases, the Se abundance relative to O or Ar is subsolar. In Galactic PNe exhibiting both Se and Kr emission, [Kr/Se] = 0.5±0.2 (SPD15), which is larger than the values of 0.1-0.2 dex predicted by recent AGB nucleosynthesis models (e.g., Cristallo et al. 2015; Karakas & Lugaro 2016) . The discrepancy with models raises the question of whether Equation 8 underestimates elemental Se abundances, or if the difference can be attributed to observational uncertainties.
Values for the Se abundance in NGC 5315, derived with Equations 7-9, are given in In Equation 2, the ICF is negative for O 2+ /O + values below the denoted limit.
Equation 2, which primarily corrects for Kr + , produces Kr abundances that agree well with results from the literature (Table 1) . Equation 1 tends to underestimate the Kr abundance compared to other ICFs, and shows a possible trend with nebular excitation. The Kr abundance derived with this equation agrees within the uncertainties with other estimates in SMP 99 (Mashburn et al. 2016) , which has He 2+ /He = 0.19 (Leisy & Dennefeld 2006) , but is lower than previous estimates by factors of 4-10 for the other more highly excited PNe (He 2+ /He ≈ 0.3-0.4; Zhang et al. 2005; Leisy & Dennefeld 2006; García-Rojas et al. 2015) . The poor accuracy is perhaps unsurprising, given the small Kr 5+ ionic fractions and the uncertainties of the ICFs derived from Equation 1. Observations of [Kr VI] in additional PNe, paired with deep optical spectra in which other Kr ions are detected, are needed to fully test the accuracy of Equation 1 and determine whether the discrepancies with other ICFs can be attributed to observational uncertainties or the ICF itself.
CONCLUSIONS
The detections of [Se III] 1.0994 and [Kr VI] 1.2330 µm provide the means to improve the accuracy of nebular Kr and especially Se abundances. These are the most widely-detected ncapture elements in astrophysical nebulae, and have been used to study s-process enrichments in numerous PNe. We compute collision strengths for each ion, and use these to derive ionic abundances. We test the Se ICF prescriptions of SPD15, finding a larger Se abundance in NGC 5315 with ICFs that include Se 2+ /H + than the ICF that relies only on Se 3+ /H + . We also derive Kr ICFs that incorporate Kr 5+ /H + abundances, and apply these to four PNe. Additional observations of these lines in PNe with a range of excitation levels are needed to more rigorously test the Se ICFs of SPD15 and our new Kr ICFs.
